INTRODUCTION
Mitochondria have their own DNA (mtDNA) of 16 kilo base pairs in human cells. mtDNA encodes subunits of the mitochondrial electron transport chain. These subunits are essential for normal oxidative phosporylation and also adenosine triphosphate (ATP) production in a cell. Oxidative phosphorylation in mitochondria produces the large part of the energy required within a cell. 1) Human mtDNA has a mutational rate at least 10 times higher than nuclear DNA, 2) and somatic mutations in mtDNA have also been observed in human neoplasms.
3) Recently, there have been reports using cells lacking mtDNA that studied its roles in cell death or sensitivity to various external insults. Studies have shown that mtDNA-depleted cells are susceptible to cell death by serum-deprivation, tumor necrosis factor (TNF) and staurosporine. [4] [5] [6] On the other hand, studies found that these cells were more resistant to insults such as tumor necrosis factor-related apoptosisinducing ligand (TRAIL), anti-cancer reagents, and reactive oxygen species (ROS) than their parental cells. 7, 8) Thus, the roles of mtDNA are still not clear, and the mechanisms for the sensitivity to external insults remain unresolved.
The respiratory chain in mitochondria is a source of ROS. [9] [10] [11] [12] On the other hand, studies have shown that ROS generated in mitochondria can modulate signaling cascades. [13] [14] [15] The pathway of the mitogen-activated protein kinase (MAPK) family is involved in growth factor-mediated regulation of diverse cellular events such as proliferation, senescence, differentiation and apoptosis. 16) Exposure of cells to oxidative stress such as irradiation induces activation of multiple MAPK pathways; these signals play critical roles in controlling cell survival and repopulation effects following irradiation.
16) The MAPK superfamily is composed of several signal-*To whom correspondence should be addressed: Department of Radiation Emergency Medicine, Research Center for Radiation Emergency Medicine, National Institute of Radiological Sciences, 4-9-1 Anagawa, Inage-ku, Chiba 263-8555 Japan. ing pathways: mitogen-activated extracellular-regulated kinases, p42 and p44 (ERK1/2), c-Jun N-terminal kinase (JNK), and p38 pathways. ERK1/2 are serine/threonine kinases that are regulated by mitogen-activated/extracellular-regulated kinase 1/2 (MEK1/2) through phosphorylation. The activation of ERK1/2 protects cells against noxious stimuli in several ways and inhibits apoptosis through the activation of caspase or the inhibition of cytochrome c release. 17, 18) Furthermore, ERK1/2 activation has been reported to promote several transcriptional factors such as nuclear factor-kappa B (NF-κB) and cyclic adenosine monophosphate responsive element binding protein (CREB), which then stimulate the expression of anti-apoptotic genes.
19) The activation of ERK1/2 has been reported to abrogate the G2/M phase arrest after irradiation in some cell types. 20, 21) In contrast, JNK and p38 MAPK have been reported to mediate caspase activation, resulting in apoptosis. 16) However, the roles of mtDNA and how ROS generated in mitochondria affect signaling pathways are not fully understood in cells exposed to irradiation.
The recent progress in studies of mitochondria has allowed us to use mtDNA-depleted cells (ρ 0 cells) and their control cells (ρ + cells). Elimination of mtDNA from cells can be performed by long-term exposure to a low concentration of 3,8-diamino-5-ethyl-6-phenylphenanthridinium bromide (ethidium bromide; EtBr). 22) ρ + cells are produced by the fusion of cytoplasts from the parent cells with ρ 0 cells, and these cells possess normal mtDNA. By comparing ρ 0 to ρ + cells, the roles of mtDNA can be determined. Irradiation is well known to induce apoptosis and cause DNA damage. However, there are few studies on the roles of mtDNA in irradiated cells. In the present study, we investigated the roles of mtDNA in irradiated cells by comparing ρ 0 cells lacking mtDNA and their control ρ + cells. We found that ρ 0 cells were more radiosensitive than ρ + cells, and demonstrated that homeostatic mitochondrial ROS production may have a protective effect on cells exposed to irradiation through MEK activation and cell cycle control.
MATERIAL AND METHODS
Cells and Cell Culture ---Cells used in this study originated from HeLa cells: ρ 0 cells (EB8-C) lacking mtDNA, and ρ + cells (HeEB5) cybrid clones produced by fusion of EB8-C cells and cytoplasts of HeLa cells. 22, 23) For cell culture, the medium consisted of RPMI 1640 (Gibco, Invitrogen Corp., CA, U.S.A.) supplemented with 10% (v/v) fetal bovine serum (INTERGEN, Purchase, NY, U.S.A.), 50 µg/ ml of uridine (Sigma, St. Louis, MO, U.S.A.) and 1 mM of sodium pyruvate (Gibco). Polymerase Chain Reaction (PCR) ---Total DNA was extracted by the phenol/chloroform method. Primers were specific for the segment of mitochondrial DNA: forward, 5′-atg ccc caa cta aat act acc g-3′ and reverse, 5′-gtg gtg att agt cgg ttg ttg a-3′. After electrophoresis on 2% agarose, the 298-bp fragment was analyzed with ethidium bromide (Sigma) under UV light. Clonogenic Assays ---For colony formation assay, 10 2 to 5 × 10 3 cells were seeded in 60-mm culture plates 18 hr before irradiation at various doses. Colonies were stained and counted after 14 days; groups of cells containing at least 50 cells were defined as a colony. Colonies with diameter greater than 1.2 mm were defined as "larger colonies" using Intelligent Quantifier™ (Bio Image Systems, Inc., Jackson, MI, U.S.A.). Survival curves are representative data from three independent experiments. Radiation Setting --- 137 Cs source emitting at a fixed dose rate of 10 Gy/min was used for γ-ray irradiation. Cell Cycle Analysis ---After irradiation, cells were fixed with 70% ethanol at the times indicated. Then the cells were incubated for 30 min at 37°C with 1 µg/ml RNase A, stained with 50 µg/ml propidium iodide and filtered through nylon mesh with a pore size of 50-70 µm. Cell cycle profiles were evaluated by FACScaliber flow cytometry (Becton Dickinson, Bedford, MA, U.S.A.). Analysis of Intracellular ROS Production ---2′,7′-dichlorofluorescein (DCF) is one of the most prevalent oxidant-sensitive fluorescent dye. Acetyl ester derivative of dihydro-DCF diacetate (CM-H 2 DCFDA, Molecular Probes, Eugene, OR, U.S.A.), a derivative of DCF, was used in this study. Cells were prepared 18 hr before the treatment to a cell count of 6 × 10 5 for each 60-mm diameter dish. After irradiation, cells were stained with 10 µM CM-H 2 DCFDA at 37°C for 5 min. Fluorescence intensity was measured by flow cytometry with excitation at 488 nm and emission at 530 nm. Western-Blot Analysis ---The cells were lysed in buffer containing 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 3 mM NaN 3 , 0.1% (w/v) sodium dodecyl sulfate (SDS), 1% (v/v) Nonidet P-40 and 0.5% sodium deoxycholate. The protein concentra-tion of each sample was measured by the method of Bradford (Bio-Rad, Hercules, CA, U.S.A.). 24) Electrophoresis was performed with samples containing 50 µg of cell lysates in SDS-polyacrylamide gel electrophoresis (PAGE) loading buffer using 10% polyacrilamide gel, followed by transfer of the proteins onto pure nitrocellulose membranes (TransBlot Transfer Membrane; Bio-Rad). Immunoreactivity was detected by enhanced chemiluminescence (Amersham Biosciences). The relative density of bands was determined by Intelligent Quantifier program (Bio Image, Ann Arbor, MI, U.S.A.) and normalized to the loading control.
RESULTS

Cells Lacking mtDNA
ρ 0 cells lacking mtDNA (named HeLa EB8-C) were made by long-term EtBr treatment. 23) ρ + cells (HeEB5) were cybrids of EB8-C cells with intact mtDNA. To confirm the absence of mtDNA, the 298-bp segment of mtDNA was amplified by polymerase chain reaction (PCR) analysis (Fig. 1) . No detectable band corresponding to mtDNA was noted in EB8-C cells, whereas clear bands were amplified in HeEB5 cells. We also confirmed the absence of mtDNA by the failure to grow in the absence of uridine in the medium, since ρ 0 cells are dependent on uridine and pyruvate for growth because of the absence of a functional respiratory chain 22) (data not shown). Thus, EB8-C cells were proven to be defective in oxidative phosphorylation and were used in the present study.
Lower Production of ROS in EB8-C Cells
CM-H 2 DCFDA was used for experiments because of its better retention within cells than DCF. We compared ROS generation in HeEB5 and EB8-C cells by flow cytometry. The mean fluorescence intensities of untreated HeEB5 and EB8-C cells were 51 ± 4 and 26 ± 2, respectively, indicating that HeEB5 cells produced ROS constitutively at a higher level than EB8-C cells (p < 0.005).
The ROS production is known to increase after irradiation in cells. 12, 25) The generation of ROS was evaluated at 30 min after irradiation in the two cell lines. Exposure to irradiation with 20 Gy resulted in significantly increased fluorescence intensity in HeEB5 cells (136 ± 10, 2.6-fold, p < 0.01), but the fluorescent intensities were not increased in EB8-C cells (23 ± 1).
The specificity of ROS was also determined by irradiation in the presence of catalase from human erythrocytes (Calbiochem, La Jolla, CA, U.S.A.) in HeEB5 cells. The treatment with catalase abolished the irradiation-induced increase in the fluorescent intensity (data not shown). Furthermore, irradiated HeEB5 cells were stained with dihydroethidium (DHE, Molecular Probes) specific for superoxide radicals. However, an increased intensity of fluorescence was not detected in these cells (data not shown). These results suggest that irradiation increased the level of ROS, mainly hydrogen peroxide in HeEB5 cells.
Increased Sensitivity of EB8-C Cells to Irradiation
Next we sought to determine whether the observed difference in ROS production affects the survival and growth of cells after irradiation. Cellular radiosensitivity was analyzed by colony formation assay. The plating efficiencies were 87.7 ± 2.5 and 50.3 ± 4.5% in HeEB5 cells and EB8-C cells, respectively, and the efficiency was significantly reduced in EB8-C cells (p < 0.001). Further study found a significantly reduced survival fraction in EB8-C irradiated with 2 Gy (Fig. 2) . The surviving fractions were 0.33 ± 0.01 and 0.19 ± 0.03 in HeEB cells and EB8-C cells, respectively (p < 0.01). At 4 Gy of irradiation, the fractions were 0.21 ± 0.02 for HeEB5 cells and 0.06 ± 0.00 for EB8-C cells, showing a significantly decreased survival fraction in EB8-C cells compared to HeEB5 cells (p < 0.005). Upon irradiation with either 6 or 8 Gy, significant differences in sensitivity to irradiation were observed between these cell lines.
To further evaluate the cell growth after irradiation, the diameter of the colonies was quantitatively evaluated (Table 1) . HeEB5 cells had a significantly higher capacity for forming colonies larger than 1.2 mm in diameter than EB8-C cells. The capacity for forming larger colonies was 15.1 ± 1.7% in the control. On the other hand, 5.5 ± 0.2% of untreated EB8-C cells formed larger colonies. HeEB5 cells also formed larger colonies than EB8-C cells at each dose of irradiation. At 1 Gy, HeEB5 cells had 14.7 ± 3.1% of the capacity, whereas that of EB8-C cells was 1.8 ± 0.4%. Thus, depleting mtDNA affected cell growth and resulted in an increased sensitivity to irradiation.
Dysfunction of the G2 Checkpoint in Irradiated EB8-C Cells
Cells have mechanisms to delay or halt cell cycle progression in response to genotoxic insult to maintain genomic integrity. 26) HeLa cells are known to be infected with human papilloma virus, of which the E6 protein inactivates p53; the checkpoint may not function in cells exposed to ionizing radiation. 27) To determine whether such checkpoint mechanisms are associated with the observed sensitivity to irradiation in EB8-C cells, cell cycle progression after irradiation was studied (Table 2) . Without irradiation, the cell cycle profiles of both cell lines were similar. After irradiation with 8 Gy, 60% of HeEB5 cells had entered the G2 phase by 12 hr. Thereafter, the cells gradually re-entered G1 and then S phase by 36 hr. On the other hand, the cell cycle progression was delayed after irradiation in EB8-C cells when compared to HeEB5 cells. Cells gradually entered the G2 phase by 24 hr, and 60% of cells remained at G2 phase 36 hr after irradiation. Thus, EB8-C cells showed delayed induction of G2 arrest and decreased ability to recover from G2 arrest.
Activation of ERK Pathway in Irradiated HeEB5 Cells
Previously, we have shown that MAPK is involved in the sensitivity to irradiation. 28) To study the mechanism causing the different sensitivity to irradiation in the two cell lines, the MAPK pathway was determined. Cells were irradiated at a dose of 8 Gy and cultured for 1 hr. Western blot analysis using antibody recognizing the phosphorylated form of ERK1/2 showed that it was more abundant in untreated HeEB5 cells than in untreated EB8-C cells; EB8-C cells had a faint band of phosphorylated form of ERK1/2 (Fig. 3) . HeEB5 cells had almost 4-fold higher level of phosphorylated form of ERK1/2 as compared to that of EB8-C cells. Irradiation activated ERK1/2 by 2-fold in HeEB5 cells. However, irradiation failed to increase the level of phosphorylated form of ERK1/2 in EB8-C cells. Thus, the activation of the ERK pathway was much more prominent in HeEB5 cells than in EB8-C cells. We also studied the effect of irradiation on the phosphorylation of p38MAPK in these cells. However, phosphorylation of p38MAPK was not induced in both cell lines (data not shown).
Fig. 2. Radiosensitivity of Cells Lacking mtDNA
HeEB5 and EB8-C cells were exposed to ionizing radiation at indicated doses. After two weeks, colonies were stained with hematoxilineosin and counted. All experiments were triplicated. The results were the mean of three independent experiments. 1) p < 0.01, 2-4) p < 0.005. 
Cells were irradiated at indicated doses and the numbers of colonies (> 1.2 mm in diameter) were calculated as described in "MATERIALS AND METHODS." All experiments were triplicated and representative results of three independent experiments are shown as mean ± S.D. a) p < 0.01, b,d,f) p < 0.05, c,e) p < 0.005.
Inhibition of ERK Pathway Results in Dysfunctional G2 Checkpoint in Irradiated Cells
MEK2 activation has been reported to be essential for cellular recovery from the G2 phase arrest and subsequent survival in irradiated HeLa cells. 20) To study whether the ERK pathway is involved in the cell cycle delay of irradiated cells, cells were pretreated with MEK1/2 inhibitors, either PD98059 (50 µM) or U0126 (10 µM), for 1 hr and then irradiated at 8 Gy in the presence of these inhibitors. Twenty-four hours after irradiation, the cell cycle distribution of the cells was analyzed (Table 3) . HeEB5 cells cycled more rapidly after irradiation than EB8-C cells; 62% of cells had re-entered the G1 phase by 24 hr, whereas 83% of EB8-C cells remained at the G2 phase (see also Table 2 ). On the other hand, treatment with either PD98059 or U0126 induced delayed recovery from the G2 checkpoint in irradiated HeEB5 cells; 46 and 57% of cells treated with PD98059 and U0126 stayed at the G2 phase 24 hr after irradiation, respectively. In contrast, treatment with either of these inhibitors did not affect the cell cycle profile in irradiated EB8-C cells.
To further determine whether ROS generated in cells exposed to irradiation affect cell cycle progression, these cells were treated with 25 mM of a free radical scavenger N-acetyl cystein (NAC) for 1 hr, and then irradiated at 8 Gy in the presence of NAC. The cell cycle was analyzed 24 hr after irradiation. NAC treatment also resulted in the delayed recovery from irradiation-induced G2 arrest in HeEB5 cells; 62% of the cells were at G2/M phase. However, NAC accelerated the recovery slightly in irradiated EB8-C cells. In parallel, the numbers of colonies were counted 2 weeks later. A significantly decreased sensitivity was observed in EB8-C cells; the surviving fractions were 3.3 ± 0.8% for HeEB5 cells and 1.6 ± 0.5% for EB8-C cells, respectively (p < 0.05). Treatment with NAC reduced the surviving fraction in irradiated HeEB5 cells (0.7 ± 0.2%, p < 0.05). In contrast, pretreatment with the compound had no significant effect on the fraction of irradiated EB8-C cells (0.6 ± 0.5%). HeEB5 and EB8-C cells were irradiated at a dose of 8 Gy and harvested at the times indicated. Cells were fixed with 70% ethanol and treated with RNase A. Then, cells were stained with propidium iodide (PI) and the DNA content was analyzed by flow cytometry using CellQuest and Modifit programs.
Fig. 3. Expression of ERK in Cells Exposed to Ionizing Radiation
Cells were incubated for an hour after irradiation with 8 Gy. Whole cell lysates were used for immunoblotting with anti-phosphorylated ERK1/2 antibody (Thr202/Tyr204, Cell Signaling Technology, Inc. Beverly, MA, U.S.A.). As loading control, glyceroaldehyde-3-phosphate dehydrogenase (G3PDH) was used. The results are representative of three independent experiments.
DISCUSSION
ROS are ubiquitously generated at a steady state, and their production is enhanced by irradiation. 29) mtDNA is more vulnerable to oxidative stress than nuclear DNA.
2) Furthermore, mtDNA is continuously replicated even in terminally differentiated cells. It is therefore of major importance that the role(s) of mtDNA in irradiated cells is clarified. In the present study, we compared cells without mtDNA (ρ 0 cells, EB8-C) to control cells with intact mtDNA (ρ + cells, HeEB5) in irradiation. EB8-C cells produced less amounts of ROS than HeEB5 cells both at a steady state and following irradiation. We also showed that EB8-C cells were more sensitive to irradiation than HeEB5 cells, a phenomenon associated with lower post-irradiation ROS production. Irradiated HeEB5 cells exhibited earlier recovery from irradiation-induced G2 arrest, which was blocked by either MEK inhibition or scavenging ROS.
Induction of cell cycle checkpoint responses in cells exposed to irradiation is essential for maintaining genomic integrity by the repair of damaged DNA. 26) Oxidative stress such as irradiation causes G1 arrest that is dependent on p53 activation. 26) Since effective G2 arrest and recovery from G2 arrest have also been shown to be essential for the ability of the cell to respond effectively to irradiation, we analyzed the cell cycle profile of HeEB5 and EB8-C cells after irradiation. Following irradiation, HeEB5 cells did not arrest in the G1 phase, entering into the G2 phase. These results were consistent with a previous study reporting that the G2 checkpoint showed arrest due to irradiation damage in HeLa cells. 30) On the other hand, the cell cycle progression of irradiated EB8-C cells was delayed, as these cells induced delayed G2 arrest. In addition, HeEB5 cells exited faster from the G2 phase than EB8-C cells, with the latter demonstrating a delayed recovery from the G2 arrest. Previous studies showed that reconstitution of p53-null cells with functional p53 shortened G2 arrest upon irradiation, 31) and that bone marrow cells enriched in normal myeloblasts entered mitosis more frequently than p53-null cells after exposure to irradiation. 32, 33) Moreover, in ataxia telangiectasia (AT) cells, the DNA damage-dependent G2 arrest is longer than in normal cells, 34) and the length of G2 arrest has been reported to correlate with the radioresistance of the cell. 33) These studies suggest that the prolonged G2 phase following DNA damage is due to lower repair efficiency. However, mtDNA does not code for any DNA repair protein. Therefore, our results suggest that activation of mtDNA might lead to initiating a certain signal transduction pathway that protects cells from irradiation. HeEB5 and EB8-C cells originate from HeLa cells. 23) HeLa cells are infected with human papilloma virus and the E6 protein inactivates p53. 27) p21 WAF1 is one of the cyclin dependent kinase (Cdk) inhibitors regulated by p53 and causes cell cycle arrest. 35) However, p21 WAF1 is also induced by p53-independednt mechanisms following irradiation.
36) Therefore, we studied the expression of p21 WAF1 in these cells. The p21 WAF1 expression was not induced by irradiation in HeEB5 and EB8-C cells (data not shown). Our results thus suggest that the increased sensitivity to irradiation and the delayed G2 arrest and delayed recovery from G2 arrest constitute a p53-independent event in these cells.
The MAPK pathways control cell fate in irradiated cells, and ERK signaling is important for radiation sensitivity. 16) ROS and irradiation are also known to activate MAPK pathways. 6, 37, 38) Moreover, MAPK pathways are necessary for cell cycle progression through G2. 39) We studied phosphorylation of ERK1/2 in both cell lines irradiated. The phosphorylated form of ERK1/2 was clearly detected in HeEB5 cells and irradiation activated ERK1/2 in these cells. However, irradiation did not activate p38MAPK in both cells (not shown). Moreover, treatment with two different inhibitors specific for MEK1/2 delayed the recovery from G2 arrest in irradiated HeEB5 cells. Interestingly, scavenging ROS with NAC clearly induced the delayed recovery and also increased the radiation sensitivity in these cells. In EB8-C cells, however, irradiation only slightly activated the phosphorylation of ERK1/2, and NAC also induced delayed G2 arrest, albeit only to a minor extent. However, treatment with these inhibitors did not affect the cell cycle following irradiation in EB8-C cells. Thus, our study showed that the generation of ROS is involved in the regulation of the G2 checkpoint and that mtDNA is important for increased ROS generation leading to the potentiation of the ERK1/2 pathway to a certain extent in irradiated cells. It has been reported that inhibition of MEK2 upstream of ERK1/2 increased radiosensitivity through a deregulated G2 checkpoint and that treatment with caffeine reversed the radiosensitivity with a concomitant recovery from the G2 arrest in otherwise terminally arrested HeLa cells with MEK2 mutation. 20) In A431 squamous carcinoma cells and DU 145 prostate carcinoma cells, inhibition of MEK1/2 by PD 98059 slowed recovery from the G2/M arrest and enhanced cell death. 21, 40) Taken together, our results indicate that the efficient activation of the ERK1/2 pathway by the generation of ROS is required for protection of cells from irradiation through the recovery from irradiation-induced G2 arrest in cells. However, mtDNA-depleted cells are unable to activate the ERK pathway because of their disability to effectively generate ROS, whereas NAPDH oxidase existing in cellular membrane and epidermal growth factor-induced production may be source of ROS outside mitochondria 10) and ROS production related to cytochrome c may be also source. 41) Thus, it is clear that mtDNA is important for signal transduction as well as oxidative phosphorylation.
mtDNA is a circular, double-stranded molecule encoding 13 proteins that compose part of complex I, III-V (ATP synthase) of the electron transport chain. 42) Mammalian mitochondria account for over 90% of cellular oxygen consumption, and 1-5% of consumed oxygen is converted to ROS in the mitochondrial respiratory chain. 43) We compared the production of ROS between EB8-C and HeEB5 cells, since the mitochondrial respiratory chain is a powerful source of ROS. HeEB5 cells had a constitutively higher level of ROS with lower activity of glutathione peroxidase (GSH-Px) than EB8-C cells (data not shown). Previous studies by other investigators have also reported decreased generation of ROS in cells lacking mtDNA. 9, 10, 12) We also found greater plating efficiency and larger sizes of colonies in HeEB5 cells than in EB8-C cells. These results indicate that HeEB5 cells have higher growth rate. Our results also suggest that steady-state levels of ROS produced in a regulated fashion may be required for signaling pathways controlling essential cellular function, whereas high levels of ROS may inhibit the activity of cellular components or result in damage and cell death. Thus, mtDNA may play an important role in the generation of ROS that initiate the signal transduction for cell growth.
We studied the role of mtDNA in irradiated cells and showed that EB8-C cells were more sensitive to irradiation. These results are in contrast to those of studies by other investigators, who reported that ρ 0 cells are resistant to various forms of stress such as oxidative stress, chemicals, TRAIL, and others. [6] [7] [8] 44) The mechanisms responsible for these discrepancies are not clear. One of these studies concluded that up-regulation of manganese superoxide dismutase (MnSOD) and GSH-Px leads to an efficient disposal of increased oxidative stress and increased resistance against ROS in ρ 0 cells. 7) In our study, on the other hand, the activity of MnSOD was higher with no difference in that of copper-zinc superoxide dismutase (CuZnSOD) but the activity of GSH-Px was lower in HeEB5 cells, and no difference of catalase (CAT) levels were observed in both cell lines (data not shown). Increased activities of SODs lead to the accumulation of H 2 O 2 unless the H 2 O 2 is in turn detoxified by GSH-Px or catalase. Furthermore, our study showed that scavenging ROS with NAC significantly reduced the colony forming capacity in irradiated HeEB5 cells, whereas NAC did not affect that in irradiated EB8-C cells. We could not detect an increase of the ROS generation in cells irradiated with 8 Gy or less in our experiments. However, NAC treatment delayed the recovery from G2 in irradiated HeEB5 cells with 8 Gy and also increased the radiation sensitivity of HeEB5 cells. Our results strongly suggest that mtDNA plays an important role in initiating a certain signal transduction pathway leading to cell survival, whereas the role of ROS may vary according to cell type and their concentrations produced.
